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Ae 28 (3) as SS2 49 (2) 49 (3) 47 Fig In all telecommunication networks, there is the need to connect individual channels (or circuits) to individual des tination points, Such as an end customer or to another network. Systems that perform these functions are called cross-connects. Additionally, there is the need to add or drop particular channels at an intermediate point. Systems that perform these functions are called add-drop multiplexers (ADMs). All of these networking functions are currently performed by electronics-typically an electronic SONET/ SDH system. However, SONET/SDH systems are designed to process only a Single optical channel. Multi-wavelength systems currently require multiple SONET/SDH systems operating in parallel to process the many optical channels. This makes it difficult and expensive to scale DWDM networks using SONET/SDH technology.
The alternative is an all-optical network. Optical networks designed to operate at the wavelength level are commonly called "wavelength routing networks' or "optical transport networks" (OTN). In a wavelength routing network, the individual wavelengths in a DWDM fiber must be manage able. New types of photonic network elements operating at the wavelength level are required to perform the croSS connect, ADM and other network Switching functions. Two of the primary functions are optical add-drop multiplexers (OADM) and wavelength-selective cross-connects (WSXC).
In optical networking applications, a given Signal may encounter multiple optical components, Some of which may have different responses than the others depending on the wavelength of the Signal. When Signals are multiplexed on a light Stream carrying many individual wavelengths, Such wavelength-dependent responses may cause undesirable variations between wavelength channels acroSS the multi plexed signal. This variation may be particularly manifested as differences in the power spectrum as a function of the varying wavelengths. It is desirable to provide an efficient mechanism by which individual wavelength signals may be 
BRIEF SUMMARY OF THE INVENTION
Embodiments of the invention are thus directed to a method and apparatus for spectral grooming of light having a plurality of Spectral bands. According to embodiments of the invention, the apparatus may be provided as a variable wavelength attenuator. The light is received at an input port and encounters an optical train disposed between the input port and an output port. The optical train provides optical paths for routing the Spectral bands and includes a dispersive element disposed to intercept light traveling from the input port. An attenuation mechanism is provided for indepen dently attenuating the individual Spectral bands. The attenu ation mechanism has a plurality of configurable attenuation elements disposed So that each spectral band is attenuated in accordance with a State of one of the configurable attenua tion elements.
In Some embodiments, the variable wavelength attenuator may function Simultaneously as a wavelength router. In Such instances, the output port comprises a plurality of output ports and each spectral band is routed to one of the output ports depending on the States of the configurable attenuation elements.
In one set of embodiments, the configurable attenuation elements are provided as moveable micromirrors, with the State of each configurable attenuation element correspond ing to a position of that attenuation element. The micromir rors may be moveable rotationally to achieve different tilt positions or may be moveable translationally. Also, the micromirrors may be configured to be moveable among a plurality of discrete positions or may be moveable through a continuum of positions. The micromirrors may be config ured to direct the Spectral bands to different portions of one or more common Surfaces that have portions with varying reflectivities. The attenuation of individual spectral bands may be provided in part by Such reflectivity variation.
The optical train used by the invention may be adapted in various ways, Some of which provide Single-pass configu rations and others of which provide double-pass configura tions. For example, the optical train may include a single lens with the dispersive element being a reflection grating that is used to Separate the light into beams that correspond to the different Spectral bands. In another embodiment, a transmissive grating is Substituted for the reflection grating and a pair of lenses is used on either side of the grating. In Still other embodiments, optical power and dispersion are combined in a single optical element that forms part of the optical train. The following description sets forth embodiments of a Variable wavelength attenuator for Spectral grooming according to the invention. The general functionality of the variable wavelength attenuator is to accept light having a plurality of (Say N) spectral bands at an input port, and to direct the Spectral bands after attenuation according to their individual wavelength characteristics to an output port. In Some embodiments, only a Subset of the spectral bands are attenuated with Some of the Spectral bands being left unat tenuated. While in Some embodiments the variable wave length attenuator is adapted to direct all spectral bands, whether or not attenuated, to a Single output port, the invention may be more generally adapted to direction of attenuated unattenuated Spectral bands to desired ones of a plurality of output ports.
Embodiments generally include an optical train to provide optical paths for the Spectral bands and an attenuation mechanism that includes a plurality of attenuation elements disposed to attenuate spectral bands defined by different wavelengths. In Some embodiments, the attenuation ele ments may additionally be configured for routing the Spec tral bands to desired ones of a plurality of output ports. In Such embodiments, the attenuation mechanism additionally functions as a routing mechanism that routes Spectral bands corresponding to different wavelength channels differently. Embodiments that combine the attenuation and routing aspects may thus be viewed as providing wavelength routers equipped for Selectively routing and attenuating spectral bands received on one or more input signals to one or more output signals.
In Some embodiments, the optical train comprises a free-space optical train. The term "free Space" refers to the fact that light within the body of the wavelength attenuator is not confined in the dimensions transverse to propagation, but can be regarding as diffracting in these transverse are all within a body, Such as of glass, examples of both of which are provided below. In some embodiments, the free Space optical train may be the same or Similar to a free-space optical train used in embodiments of a wavelength router, Such as may be adapted for performing optical-network Switching functions, including wavelength-Selective croSS connection and add-drop multiplexing. Examples of Such free-space optical trains are provided in copending, com monly assigned U.S. Pat. Appl. No. 09/442,061 entitled "WAVELENGTH ROUTER," filed Nov. 16, 1999 by Robert T. Weverka et al., the entire disclosure of which, including the Appendix, is herein incorporated by reference for all purposes. In other embodiments, the optical train comprises waveguide elements, such as described in U.S. Pat. No.
6,208,316, issued to Robert Cahill, the entire disclosure of which is herein incorporated by reference for all purposes.
Embodiments of the invention include a dispersive element, Such as a diffraction grating or a prism, which operates to deflect incoming light by a wavelength dependent amount. Different portions of the deflected light are intercepted by different attenuation elements. Although the incoming light could have a continuous spectrum, adja cent Segments of which could be considered different Spec tral bands, it is generally contemplated that the Spectrum of the incoming light will have a plurality of bands Spaced in wavelength.
The terms "input port" and "output port" are intended to have broad meanings. At the broadest, a port is defined by a point where light enters or leaves the System. For example, the input (or output) port could be the location of a light Source (or detector) or the location of the downstream end of an input fiber (or the upstream end of an output fiber). In Specific embodiments, the Structure at the port location could include a fiber connector to receive the fiber, or could include the end of a fiber pigtail, the other end of which is connected to outside components. Most of the embodiments contemplate that light will diverge as it enters the wave length router after passing through the input port, and will be converging within the wavelength router as it approaches the output port. However, this is not necessary.
The International Telecommunications Union (ITU) has defined a Standard wavelength grid having a frequency band centered at 194,100 GHz, and another band at every 50 GHz interval around 194,100 GHz. This corresponds to a wave length spacing of approximately 0.4 nm around a center wavelength of approximately 1550 nm, it being understood that the grid is uniform in frequency and only approximately uniform in wavelength. Embodiments of the invention are preferably designed for the ITU grid, but finer frequency intervals of 25 GHz and 100 GHz (corresponding to wave length spacings of approximately 0.2 nm and 0.8 nm) are also of interest.
Use of Spherical Focusing Elements
FIGS. 1A, 1B, and 1C are schematic top, side, and end Views, respectively, of a variable wavelength attenuator 10 according to an embodiment of the invention. The general functionality of the variable wavelength attenuator 10 is to accept light having a plurality of (Say N) spectral bands at an In some embodiments in which the variable wavelength attenuator 10 is configured only for Selective attenuation of the incoming light, all of the beams are focused to a particular output port, Say 15(1), resulting in remultiplexing of the groomed Spectrum. In other embodiments in which the variable wavelength attenuator 10 functions both to route and to attenuated Selected Spectral bands, the beams may be displaced by the attenuation/routing elements 45 So that certain of the Spectral bands are focused at different points along line 17 to be received by other output ports 15. In Some embodiments, the attenuation/routing elements 45 may be configured So that one or more of the Spectral bands are directed back to the input port 12, with the incoming and outgoing light being directed with a fiber circulator. (3) is significantly attenuated. In other embodiments, a different number of regions with different reflectivities may be provided. In one embodiment, the fixed reflective Surface 47 has a continuously varying reflectivity; Such an embodiment may be especially Suitable when the micromirror is configured for analog motion to a continuous range of positions. The attenuation of the retroreflected beam 28 derives from the combination of the resulting angular mispoint at the output fiber(s) and from the reflec tivity variation. Each of the plurality of tiltable micromirrors 48 may be in a different position for each of the spectral bands, thereby providing variable attenuation to achieve the desired spectral grooming. Moreover, in embodiments hav ing a plurality of output ports, each of the tiltable micro mirrors 48 may be positioned to direct the retroreflected beam 28 to a desired one of the output ports, thereby acting to achieve a desired routing of the spectral bands. attenuations being achieved by positioning the micromirror 48" at different heights above fixed surface 46. The variation in such heights results in misalignments of the retroreflected beams. 28' to achieve the desired attenuations and spectral grooming. In Some embodiments, the fixed reflective Surface 47 may include portions with differently reflectivities as described with respect to FIG. 2A , thereby permitting the desired attenuation to be achieved with a combination of beam misalignment and reflectivity variation. Furthermore, in embodiments having a plurality of output ports, each of the translatable micromirrors 48" may be positioned to direct the retroreflected beam 28 to a desired one of the output ports, thereby acting to achieve a desired routing of the spectral bands. MEMS techniques may also be used to fabricate translatable micromirrors 48' configured to adopt continuous or discrete positions. A general description of Systems that use translatable micromirrors in wavelength routing applications is provided in copending, commonly assigned U.S. Appl. No. 09/658,158, entitled "LINEAR OPTICAL BEAM TRANSLATOR FOR OPTICAL ROUTING," filed Sep. 8, 2000 by Samuel P. Weaver et al., the entire disclosure of which is herein incorporated by reference for all purposes.
In Still other embodiments, other moveable configurations may be used for the micromirrors, combining translation and rotation. Also, while it is generally contemplated that all of the micromirrors configured to encounter the different Spec tral bands will be configured for similar motion characteristics, this is not a requirement and a mixture of tiltable and translatable micromirrors may be used.
One result of the attenuation is that the optical paths 28 or 28' are displaced relative to each other depending on the position of the moveable micromirror, the displacement being an angular displacement in embodiments using rotat able micromirrors and being a linear displacement in embodiments using translatable micromirrors. In embodi ments that use only a single output port 15, the total extent of Such relative angular or linear displacement is Sufficiently 7 Small that all the Spectral bands are still focused to the Single output port. This may be achieved, for example, by ensuring that extremal positions of the moveable micromirror result in relatively displaced positions for optical paths that are leSS than the size of a core in an output fiber. In other embodiments, a larger extent of displacement or multiple reflective surfaces 47 may be used so that different spectral bands may be focused to different output ports 15 as a result of the larger angular or linear displacement.
The attenuation/routing elements 45 may be incorporated in a variety of other embodiments, one of which is shown respectively in schematic top and side views in FIGS. 3A and 3B. This embodiment provides a variable wavelength attenuator 10' that differs from the embodiment of FIGS.
1A-1C in that it uses a transmissive diffraction grating 25 and a pair of lenses 20a and 20b. Light entering the variable wavelength attenuator 10' from the input port 12 forms a diverging beam 18, which includes the different spectral bands. The beam 18 encounters the first lens 20a, which collimates the light and directs it to the grating 25". The, grating 25" disperses the light So that collimated beams at different wavelengths emerge from the beam and proceed.
The collimated beams, one of which is shown, encounter the Second lens 20b, which focuses the beams. The focused beams encounter respective ones of a plurality of attenuation/routing elements 45 configured as described with respect to FIGS. 2A and 2B to retroreflect attenuated beams back to lens 20b, where they are collimated and directed to the grating 25". On the Second encounter, the grating 25' removes the angular Separation between the different beams, which are then focused onto one or more output ports 15 depending on the configuration of the attenuation/routing elements 45.
The embodiment shown in FIGS. 3A and 3B may be AS for the other embodiments, light entering the variable wavelength attenuator 10" from the input port 12 forms a diverging beam 18 that includes the different spectral bands. The beam is collimated by the concave reflector 40, which directs it to the reflective diffraction grating 25. The grating 25 disperses the light so that collimated beams at different wavelengths are directed at different angles back towards the reflector 40. Two such beams are shown explicitly, one in Solid lines and one in dashed lines. Since these collimated beams encounter the reflector 40 at different angles, they are focused at different points in a transverse focal plane.
The focused beams encounter attenuation elements 45 located near the focal plane. The attenuation elements 45 may be configured as described with respect to FIGS. 2A and 2B to effect attenuation to achieve the desired spectral grooming. The operation in the reverse direction is as described in connection with the embodiments above, and 
Use of Cylindrical Focusing Elements
The attenuation elements 45 may also be incorporated within a variable wavelength attenuator that uses cylindrical instead of Spherical focusing elements. One example of Such an embodiment is provided in FIGS. 5A and 5B, which are respectively Schematic top and Side views of Such a variable wavelength attenuator 70. This embodiment is an unfolded embodiment, and thus could be considered to correspond to the embodiment of FIGS 3A and 3B. This embodiment includes a transmissive diffraction grating 25, as in the embodiment of FIGS. 3A and 3B, but differs from that embodiment in that it uses cylindrical lenses rather than Spherical Senses. The general functionality of the variable wavelength attenuator 70 is the same as the other embodiments, namely to provide Spectral grooming to light having a plurality of Spectral bands received at the input port 12.
The cylindrical lenses include a pair of lenses 72a and 72b, each having refractive power only in the plane of the top view (FIG. 5A) , and a pair of lenses 75a and 75b each As part of the function of the attenuation elements 45, the return beams may be displaced by different amounts. In embodiments that use only a single output port, the extent of Such displacement will generally be Sufficiently Small that 9 all the return beams may still be accepted by the output port. In embodiments that use a plurality of output ports, the extent of the displacement may be Sufficiently large that different return beams may be directed to different output ports.
In one implementation, input port 12, lens 72a, lens pair 75a/75b, lens 72b, and the attenuation elements 45 are
Spaced at approximately equal intervals, with the focal length defined by lens pair 75a/75b being twice that of lenses 72a and 72b, although this is not a necessary require ment. With these focal lengths and relative positions, lenses 72a and 72b define a 4f relay between input port 12 and the attenuation elements 45. In addition, the lens pair 75a/75b is encountered twice and defines a 4f relay between the input and output ports. In one embodiment, the optical System is telecentric.
FIGS. 6A and 6B are respectively schematic top and side views of another embodiment of a variable wavelength attenuator 70" that uses cylindrical focusing elements. This embodiment may be viewed as a folded version of the embodiment of FIGS. 5A and 5B, and thus relates to that embodiment in a similar way to the way that the embodi The operation of the variable wavelength attenuator 70' is substantially the same as in the embodiment of FIGS. 5A and 5B except for the folding of the optical path. In this embodiment, the light encounters each lens four times, twice between the input port 12 and the attenuation elements 45, and twice on the way from the attenuation elements 45 to the output port(s) 45. Diverging light encountering lens 75 is made leSS divergent after the first encounter and is colli mated after the Second encounter.
Combination of Focusing and Dispersion Elements
FIGS. 7A and 7B are respectively schematic top and side views of a variable wavelength attenuator 90 that combines optical power and dispersion in a single element 95. This embodiment corresponds generally to the variable wave length attenuator shown in FIGS. 1A-1C with spherical focal power incorporated into the grating itself, Such as by ruling the grating on a curved Surface or by ruling curved grating lines on a flat Surface. Alternatively, a holographic method may be used in which photoresist is spun onto the grating Substrate and exposed with the interference pattern from two diverging beams of light emanating from the intended Source and focal points of the grating. The expo Sure light is at the midband wavelength or at an integer multiple of the midband wavelength. The exposed photore sist may be developed and used as is, or may be used as a barrier in an etching process.
FIGS. 8A and 8B are respectively schematic top and side views of a variable wavelength attenuator 100 that corre sponds generally to the embodiment of FIGS. 6A and 6B, except that the cylindrical focal power is incorporated in the grating ruling in a single element. Having described Several embodiments, it will be recog nized by those of skill in the art that various modifications, alternative constructions, and equivalents may be used with out departing from the Spirit of the invention. For example, while embodiments have illustrated the use of a grating as a What is claimed is:
1. A variable wavelength attenuator for Spectral grooming of light having a plurality of Spectral bands received at an input port, the variable wavelength attenuator comprising:
an optical train disposed between the input port and an output port providing optical paths for routing the Spectral bands, the optical train including a dispersive element disposed to intercept light traveling from the input port, and an attenuation mechanism having: a plurality of moveable micromirrors, and a common reflective Surface disposed to be encoun tered by spectral bands that encounter different moveable micromirrors, wherein each spectral band is attenuated in accordance with a position of one of Such moveable micromirrors. 2. The variable wavelength attenuator recited in claim 1 wherein the output port comprises a plurality of output ports and each spectral band is routed to one of the output ports depending on the State of the one of Such moveable micro mirrors.
3. The variable wavelength attenuator recited in claim 1 wherein the input port is located at the end of an input fiber.
4. The variable wavelength attenuator recited in claim 1 wherein the at least one output port is located at the end of an output fiber.
5. The variable wavelength attenuator recited in claim 1 wherein the attenuation mechanism has a configuration that directs all of the Spectral bands to the output port.
6. The variable wavelength attenuator recited in claim 1 wherein each moveable micromirror is configured to adopt a plurality of discrete positions.
7. The variable wavelength attenuator recited in claim 1 wherein the each moveable micromirror is configured to adopt a continuum of positions.
8. The variable wavelength attenuator recited in claim 1 wherein at least one moveable micromirror comprises a tiltable micromirror.
9. The variable wavelength attenuator recited in claim 1 wherein at least one moveable micromirror comprises a translatable micromirror.
10. The variable wavelength attenuator recited in claim 1 wherein the common reflective Surface comprises a plurality of common reflective Surfaces.
11. The variable wavelength attenuator recited in claim 1 wherein the common reflective Surface includes a plurality of portions having different reflectivity, with different por tions being disposed to be encountered by different spectral bands depending on the respective States of the moveable micromirrors.
12. The variable wavelength attenuator recited in claim 1 wherein the optical train is configured So that light encoun ters the dispersive element twice before reaching the at least one output port.
13. The variable wavelength attenuator recited in claim 1 wherein the optical train comprises a free-space optical train.
14. The variable wavelength attenuator recited in claim 1 wherein the dispersion element comprises a grating and the optical train includes optical power incorporated into the grating.
15 the optical train includes a concave reflector; the dispersive element comprises a reflection grating, light coming from the input port is collimated by the concave reflector and reflected from the reflection grating as a plurality of angularly Separated beams corresponding to the spectral bands, and the angularly Separated beams are focused by the concave reflector on respective ones of the moveable micromir 
